ABSTRACT: One goal of the Human Proteome Project is to identify at least one protein product for each of the ∼20 000 human protein-coding genes. As of October 2014, however, there are 3564 genes (18%) that have no or insufficient evidence of protein existence (PE), as curated by neXtProt; these comprise 2647 PE2−4 missing proteins and 616 PE5 dubious protein entries. We conducted a systematic examination of the 616 PE5 protein entries using cutting-edge protein structure and function modeling methods. Compared to a random sample of high-confidence PE1 proteins, the putative PE5 proteins were found to be over-represented in the membrane and cell surface proteins and peptides fold families. Detailed functional analyses show that most PE5 proteins, if expressed, would belong to transporters and receptors localized in the plasma membrane compartment. The results suggest that experimental difficulty in identifying membrane-bound proteins and peptides could have precluded their detection in mass spectrometry and that special enrichment techniques with improved sensitivity for membrane proteins could be important for the characterization of the PE5 "dark matter" of the human proteome. Finally, we identify 66 high scoring PE5 protein entries and find that six of them were reported in recent mass spectrometry databases; an illustrative annotation of these six is provided. This work illustrates a new approach to examine the potential folding and function of the dubious proteins comprising PE5, which we will next apply to the far larger group of missing proteins comprising PE2−4. KEYWORDS: Human Proteome Project, missing proteins, neXtprot, PeptideAtlas, protein folding, I-TASSER, COFACTOR, structure-based function annotation
■ INTRODUCTION
Proteins are the workhorse molecules of life, participating in essentially every activity of various cellular processes. The nearcompletion of the Human Genome Sequence Project 1 generated a valuable blueprint of all of the genes encoding the amino acid sequences of the entire set of human proteins, providing an important first step toward interpreting their biological and cellular roles in the human body. However, due to the dynamic range and complexity of proteins and their isoforms as well as the sensitivity limits of current proteomics techniques, many predicted proteins have not yet been detected in proteomics experimental data. 2 In 2011, the Human Proteome Organization (HUPO) launched the Human Proteome Project (HPP), 3 which includes the Chromosome-Centric HPP (C-HPP) 4 and Biology/DiseaseDriven HPP (B/DHPP). 5 A major goal of the HPP is to identify at least one representative protein product and as many posttranslational modifications, splice variant isoforms, and nonsynonymous SNP variants as feasible for each human gene. This ambitious goal is being pursued through 50 international consortia for each of the 24 chromosomes, the mitochondria, and many organs, biofluids, and diseases. 2 Five extensive data resources contribute the baseline and annually updated metrics for the HPP: 2, 6 the Ensembl database 7 and neXtProt 8 provide the number of predicted protein-coding genes (a total of 20 055 in neXtProt 2014-09-19); PeptideAtlas 9 and GPMdb 10 independently reanalyze, using standardized pipelines, a vast array of mass spectrometry studies; the Human Protein Atlas 11, 12 uses a huge antibody library to map the expression of proteins by tissue, cell, and subcellular location; and, finally, neXtProt 8 curates protein existence (PE) evidence and assigns one of five levels of confidence (PE1−5). Proteins at the PE1 level (16 491) have highly credible evidence of protein existence identified by mass spectrometry, immunohistochemistry, 3D structure, and/or amino acid sequencing. At the PE2 level (2647), there is evidence of transcript expression but not of protein expression. PE3 protein sequences (214) lack protein or transcript evidence in humans, but they have homologous proteins reported in other species. Proteins at the PE4 level (87) are hypothesized from gene models. Together, protein entries designated PE2−4 represent missing proteins in the HPP. 6 Finally, the predicted protein sequences at PE5 (616) have dubious or uncertain evidence; a small number of these seemed to have some proteinlevel evidence in the past, but curation has since deemed such identifications doubtful, primarily because of genomic information, such as lack of promoters or multiple mutations. Each year, a small number are nominated for re-evaluation in light of additional experimental data.
Since 2011, the proteomics community and the HPP have achieved steady progress in human proteome annotations. Now, 85% of putative human protein-coding genes have highconfidence PE1 protein existence, as curated by neXtProt. 6 The remaining 2948 genes at levels PE2−4 have no or insufficient evidence of identification by any experimental methods and are thus termed missing proteins. 6 Many of these missing proteins are presumed to be hard to detect because of low abundance, poor solubility, or indistinguishable peptide sequences within protein families, even in tissues in which transcript expression is detected. The HPP has begun a complementary process of closely examining the missing proteins to recognize those genes that are very unlikely to generate proteins at all or proteins detectable by current methods. PE5 protein entries are considered to be dubious proteins due to their lack of essential features for transcription and/or mutations of the sequence in the numerous cases of pseudogenes. At the HUPO2013 World Congress in Yokohama, it was decided to remove the PE5 entries from the denominator of protein-coding genes, but the community was invited to propose PE5 proteins that might have substantial new evidence or newly predicted features that might make them candidates for active protein expression.
To help address that challenge, we conducted a systematic bioinformatics inspection of the 616 PE5 predicted proteins by evaluating their potential for folding and generating biological functions using the cutting-edge structure folding and structurebased function prediction tools, I-TASSER 13, 14 and COFAC-TOR. 15, 16 One reason that we focused on PE5 proteins is that the PE5 sequences represent the most dubious set of missing proteins. Therefore, evidence of protein-coding genes from PE5 proteins will help to highlight their importance as the other categories, PE2−4 proteins (to which the next step of our analysis will be applied), are revisited. In addition, a critical study of these proteins from multiple approaches, including both proteomics and bioinformatics, is becoming increasingly urgent before these genes are removed from the coding-gene denominator. This study will help to demonstrate the analysis of PE5 proteins and lay the foundation for similar analysis of the much larger set of PE2−4 protein entries.
Since the default I-TASSER folding simulation uses fragments from the Protein Data Bank (PDB), the results of which can be easily contaminated by the existence of homologous proteins, we have exploited a stringent filter (sequence identity > 25% or PSI-BLAST E-value < 0.5) to exclude all homologous proteins from the template structure library. In fact, PE5 genes have homology with few entries in current structure and function databases from our threading search results (this holds even for many PE5 pseudogenes since we found that most pseudogenes do not have homology in the PDB library); therefore, the exclusion of homologous templates did not result in observable differences in the I-TASSER folding results. In this context, the results of folding simulations are more sensitive to the physical components of the I-TASSER force field that is used to justify the foldability of the sequences than they are to the existence of homologous templates.
It is important to recognize that there are many pseudogenes in DNA that have lost their protein-coding ability due to the accumulation of multiple mutations. However, these genes often have a very similar sequence to that of their original functional protein ancestors, which makes it difficult to use sequence homology-based bioinformatics approaches (like BLAST) to distinguish the pseudogenes. An advantage of the combined I-TASSER and COFACTOR procedure over traditional sequencebased homologous approaches is that the I-TASSER folding results are less dependent on homologous proteins after homologous templates are excluded. Moreover, the follow-up COFACTOR algorithm conducts functional annotations based on a function library derived from canonical protein products, assisted with composite examinations from biochemical feature matching and physics-based fitting calculations, including steric testing and ligand-docking scores. This functional analysis ensures further discrimination of distantly related pseudogenes, which face no functional selection during the accumulation of random mutations. These pseudogenes usually do not satisfy the stringent requirements for biological functions, such as subtle binding pockets and functional sites with appropriate physicochemical characteristics.
All of the I-TASSER modeling and COFACTOR annotation results for the PE5 proteins are made publicly available at http:// zhanglab.ccmb.med.umich.edu/HPSF/. We expect that the availability of these high-resolution and structure-based annotations from bioinformatics approaches will provide useful insights complementary to other proteome investigations and will help to guide further experimental designs for the characterization of dubious and missing proteins.
■ EXPERIMENTAL SECTION
Computational modeling of protein sequences in this study consists of three general steps: threading and domain parsing, structure folding simulation, and structure-based function annotations ( Figure 1) .
First, the query sequence is threaded through a nonredundant set of PDB structures by LOMETS, which is designed to detect possible structural template and super secondary structure fragments using nine state-of-the-art threading algorithms. 17 To avoid homologous contaminants, all homologous proteins that have a sequence identity >25% or are detectable by PSI-BLAST with an E-value < 0.5 were excluded from the LOMETS template library. Starting from the multiple threading alignments, the query sequence is parsed into individual domains by ThreaDom, 18 which decides the domain boundary and linker regions of the query sequence based on the conservation and gap and insertion scores in the multiple template alignments.
For each domain, I-TASSER is used to conduct the folding simulations by reassembling the continuous structure fragments excised from the continuous threading alignments through replica-exchange Monte Carlo simulations, under the guidance of a highly optimized knowledge-based force field. 13, 14 For proteins with multiple domains, the quaternary structure is constructed by docking the models of the individual domains based on the fulllength I-TASSER models, followed by fragment-guided molecular dynamics (FG-MD) refinement. 19 I-TASSER has been recognized as being one of the most robust methods for nonhomologous protein structure prediction in the communitywide CASP experiments. 20−22 The confidence of the folding simulations is evaluated by the C-score, 23 which is calculated by combining the significance score of the threading alignment and the extent of the convergence of the Monte Carlo simulations. Cscore is normally in the range of [−5,2] , with a C-score > −1.5 indicating confident models with correct fold according the former large-scale benchmark test experiment, 23 where a Pearson correlation coefficient = 0.91 was found between the C-score and the actual accuracy of the I-TASSER models. In a recent computational protein design folding experiment, it was found that the I-TASSER C-score is also highly correlated with the likelihood of the computationally designed sequences folding in the physiological environment. 24 Starting from the I-TASSER models, the enzyme commission (EC), gene ontology (GO), and ligand-binding site functional annotations are generated using COFACTOR. 15, 16 The COFACTOR algorithm has been designed to derive functional insights by global and local (binding-pockets and active sites) structure comparisons of the target with known proteins in the BioLip function library. 25 The functional insights are then translated from known proteins to the target sequences according to a scoring function that combines the structural and evolutionary matches between the target and template proteins. For ligand-binding and enzyme commission assignments, the scoring function of the COFACTOR annotations also combines a chemical feature match and physical fit of the ligand and cofactors with the putative binding/active sites on the I-TASSER structure models. COFACTOR was ranked as the most sensitive algorithm for ligand-binding recognition in the recent CASP experiment. 26 Finally, the subcellular localizations of the query proteins are predicted by the widely used Hum-PLoc2.0 software, 27 which derives protein locations through the clustering of gene ontology annotations. Hum-PLoc2.0 can generate predictions for 14 subcellular locations (centriole, cytoplasm, cytoskeleton, endoplasmic reticulum, endosome, extracellular, Golgi apparatus, lysosome, microsome, mitochondrion, nucleus, peroxisome, plasma membrane, and synapse) and has a success rate of 70% in large-scale jackknife cross-validation tests. 27 
■ RESULTS AND DISCUSSION

Data Sets
The dubious or uncertain missing proteins comprising confidence code PE5 were extracted from the neXtProt database 8 of 19 September 2014. There are 616 predicted proteins in this category, with lengths ranging from 21 to 2252 residues. As a control study, we collected all of the highconfidence PE1 proteins from neXtProt for which a structure is solved in the PDB library. A random list of 616 proteins was then chosen that has a distribution of lengths that is similar to that for the PE5 proteins.
Benchmark Test of Structure and Function Predictions on Control Proteins in PE1
As part of the effort to test the I-TASSER and COFACTOR scoring function, as well as to establish a control set for the PE5 proteins, we first conducted structure and function modeling simulations on the 616 highly confident PE1 proteins selected from neXtProt. The structural accuracy of the I-TASSER models can be measured by their TM-score 28 in comparison to that of the known experimental structures. The TM-score has a range of [0,1]; a TM-score > 0.5 generally corresponds to structural similarity in the same SCOP/COTH fold family. 29 Although no homologous templates from the PDB library were employed, 515 of the 616 PE1 proteins have been correctly folded by I-TASSER, with an average TM-score = 0.78. The I-TASSER simulations generally refined the threading templates closer to the native structure. If we account for the best templates from threading from which the I-TASSER simulations start, then there are only 285 targets that have a TM-score > 0.5 and the average TM-score = 0.69. Such a significant increase in the folding rate and TMscore of the I-TASSER models from the threading templates is mainly attributed to the highly optimized I-TASSER force field, which has the capacity to reassemble unrelated fragments into a correct global fold. 30 Here, we have employed the TM-score to assess the accuracy of the modeling using PE1 proteins for which an experimental structure has been solved. For PE5 proteins, however, none of the sequences has an experimental structure available, so we will use the confidence score (C-score) of the I-TASSER simulations to estimate the accuracy of the modeling and foldability. In Figure 2 , we present a histogram of the I-TASSER C-score of the 616 PE1 proteins, where 519 proteins have a C-score above −1.5, which largely corresponds to the number of proteins with a TMscore > 0.5. The average TM-scores for the proteins with C-score > −1.5 and < −1.5 are 0.86 and 0.32, respectively, which confirms the strong correlation of the C-score and the quality of the I-TASSER models, as observed in previous benchmark tests. 23 Starting from I-TASSER models, COFACTOR can generate three aspects of functional annotations: enzyme commission, gene ontology, and ligand-binding site predictions. Among the 616 PE1 proteins, 582, 585, 556, and 224 proteins have GO molecular function, GO biological process, GO cellular component, and enzyme commission annotations in neXtProt database, respectively; 276 proteins have ligand-binding sites annotated in the BioLip database. 25 Although there are no homologous templates used, the COFACTOR models have 508, 515, 432, and 161 proteins for which the GO molecular function, GO biological process, GO cellular component, and enzyme commission are correctly assigned, which corresponds to an accuracy of 87, 88, 77, and 72%, respectively. Here, a correct EC assignment is defined as having the first three digits correctly predicted, and a correct GO assignment is defined as having the GO item at the first level correctly identified. Among the 276 proteins of the ligand-binding data, 172 (62%) have more than 70% of their binding sites correctly predicted. The majority of targets with a correct functional assignment are also correctly folded with the I-TASSER model, i.e., TM-score > 0.5, showing the dependence of the functional annotations on the correctness of the structure's folding. proteins that have a F-score above 0.6, then the success rates of the functional assignments are 93, 95, 93, 94, and 91% for GO molecular function, GO biological process, GO cellular component, enzyme commission, and ligand-binding sites, respectively, which are significantly higher than those with a Fscore below 0.6 (i.e., 79, 81, 78, 65, and 53%). These data show the efficiency of COFACTOR for structure-based functional assignments and the ability of the F-score to distinguish correct from incorrect functional assignments.
Summary of the Predicted Structure and Function of the Putative Proteins in PE5
Because PE5 proteins have not been validated by any proteomics experimental method, the native structure and function of these proteins are unknown. In Figure 2 , we show the C-score histograms of PE5 proteins in comparison with those of PE1 proteins. As expected, the population of proteins with a highconfidence folding score is much lower in the PE5 group than that in the PE1 group. For example, there are 519 PE1 proteins that have a C-score > −1.5, whereas the number for the PE5 proteins is only 188. This is understandable because most PE1 proteins are well-characterized proteins with regular structural folds, whereas, by definition, PE5 proteins are dubious or uncertain and their gene sequences may not code for expressable proteins. Here, we note that the best C-score of all domains for multidomain proteins is reported in Figure 2 for PE5 proteins since the existence of one domain from a protein sequence can be sufficient to confirm that the corresponding protein is a genecoding protein.
Nevertheless, the data seems to suggest that not all PE5 proteins are from noncoding genes. If we consider a stringent Cscore cutoff > 0.0, in which all proteins have I-TASSER models with a correct fold in our benchmark test on the PE1 proteins as well as in the former benchmark experiment, 23 then there are 66 PE5 proteins that meet this criterion; these are the most likely to correspond to gene-coding proteins from the viewpoint of nonhomology-based structure folding. A summary of these proteins is listed in Table 1 ; the data are also available at http://zhanglab. ccmb.med.umich.edu/HPSF/66.html. We acknowledge that proteins with a lower C-score may also be correctly folded in I-TASSER, but the likelihood of success is lower than for those with a higher C-score. In Figure 3 , we show the F-score distribution of PE5 proteins in comparison with that for PE1 proteins. Again, there is a much lower population of high F-score proteins in PE5 than there is in PE1. There are 85 PE5 proteins that have a F-score above 0.6, of which 32 are also in the list of the 66 high C-score proteins from the I-TASSER folding simulations (Table 1) ; this agreement partly confirms the coincidence of the structure and function annotation data.
We also examined and compared the intrinsically disordered regions of the PE1 and PE5 sequences using the DisEMBL program. 31 There are only two out of 616 PE1 sequences for which more than 40% of their regions are predicted to be disordered by DisEMBL, whereas the corresponding number of PE5 sequences is 79. Since intrinsically disordered regions do not have regular 3D structures, the average I-TASSER C-score for the disordered proteins is −3.44, which is 35% lower than that of other PE5 proteins. Such a high fraction of disordered sequences in PE5 proteins should also contribute to the low folding rate compared to that of PE1 proteins.
Structure Classification Analyses of the I-TASSER Models
To assign analogous structure families, we match the I-TASSER models of the target proteins with the structure domains in the SCOPe library, 32 an extended structure fold-family library integrated from the standard SCOP 33 and ASTRAL 34 databases. We use the structure alignment program TM-align 35 to align the I-TASSER model with all structural domains in SCOPe; the fold family of the SCOPe protein that has the highest TM-score in the I-TASSER model is then assigned to the target sequence. In the case where the target protein contains multiple domains, the domain that has the maximum TM-score for the top-ranked SCOPe domain is used.
We first applied the structure-based threading approach to PE1 proteins, where 98.6% of PE1 proteins have an I-TASSER model that matches the correct SCOPe fold families despite the fact that no homologous templates were used in the I-TASSER modeling. Overall, the 616 PE1 proteins were assigned to 168 fold families, with an average TM-score between the I-TASSER model and the SCOPe domain of 0.94.
When we applied the same structural matching procedure to PE5 proteins, a more divergent set of 202 families was associated with the 616 PE5 proteins. This divergence in the fold family assignment might be partly due to uncertainty in the TM-align structural assignments at the low-fold-similarity range because the average TM-score between the I-TASSER model and the SCOPe domain for PE5 proteins is much lower than that for PE1 proteins (0.72 vs 0.94). If we focus only on the assignments with a TM-score above 0.5, then there are 318 targets that have been reliably assigned to 152 fold families, with an average TM-score increasing to 0.86. This protein set was considered in our domain assignment analysis for the PE5 proteins.
Although a different number of proteins has been assigned, it is of interest to examine the relative distributions of the top fold families assigned to the PE1 and PE5 proteins. Figure 4A ,B shows the top 10 folds for proteins in PE1 and PE5, respectively. As shown in the figure, the P-loop (C.37) and EF hand-like fold are among the most popular folds for both PE1 and PE5 proteins. However, the three largest fold families for PE5 proteins, alpha− alpha superhelix, ferredoxin-like, and immunoglobulin-like betasandwich, have quite a low population among PE1 proteins. Noticeably, PE5 proteins are overexpressed in four of the 10 families, i.e., family A G-protein-coupled receptor-like, parallel coiled-coil, four-helical up-and-down bundle, and T-fold, in which there are no PE1 proteins.
Since protein folds in the SCOPe database are specific to the architecture of secondary structure arrangements, the limited proteins tested may result in variations in the above comparisons. In Figure 5 , we compare PE1 and PE5 proteins based on their class, which is a higher-level protein structure classification. The populations observed for the PE1 and PE5 proteins are more consistent in this comparison due to the lower level of coarsegrained classification. However, again, the proteins in PE5, if expressed, would be over-represented in the membrane and cell surface proteins and peptides and coiled coil proteins classes compared with PE1 proteins.
GO Function Prediction Evaluation
In Figure 6 , we show a histogram distribution of the gene ontology (GO) predictions generated by COFACTOR. There are 13 GO terms from the first level of molecular function. PE1 and PE5 proteins have a similar GO population distribution, both of which are dominated by two major groups: binding (GO:0005488) and catalytic activity (GO:0003824). Nevertheless, PE5 proteins are over-represented in the transporter activity (GO:0005215) and receptor activity (GO:0004872) GO items in comparison with PE1 proteins. The p-values of the difference in the A/B split significance test are 0.034 and 0.004, respectively, for GO:0005215 and GO:0004872. The differences between PE1 and PE5 for all other GO terms are statistically insignificant. The data are consistent with the structure-based fold family annotations in which PE5 shows a higher rate of membrane proteins than PE1.
Subcellular Localization Analyses
Proteins conduct different functions in specific cellular compartments. Information regarding the subcellular localization of proteins is therefore important for understanding their biological functions. In Figure 7 , we present a comparison of the subcellular localizations of PE1 and PE5 proteins generated by the HummPLoc 2.0 program. 27 Most PE1 and PE5 proteins are located in the cytoplasm, extracellular, nucleus, and plasma membrane, but the relative rates are very different. More than 40% of PE1 proteins (vs 14% of PE5 proteins) are located in the cytoplasm; the relative populations of PE5 in extracellular, nucleus, and plasma membrane are much higher than those of PE1 proteins, partly consistent with the structure fold assignment and function predictions.
Comparison of I-TASSER Folding with Mass Spectrometry Data
Mass spectrometry is an effective tool to identify proteins and peptides. Large-scale mass spectrometry data have been accumulated in various public databases, such as PeptideAtlas 36 and GPMDB. 10 The HUPO Human Protein Project and other groups 37, 38 use mass spectrometry to develop draft human proteomes. Kim et al. 38 recently reported the identification of about two-thirds (2535/3844) of the neXtProt 2013 missing proteins 12 using high-resolution Fourier-transform mass spectrometry. Although these reported proteins are mainly PE2−4 proteins, using RefSeq mapping, 39 we found 41 of the 616 PE5 proteins that are also in Kim's original data set. Among the 41 proteins, nine are foldable by I-TASSER simulations with a Cscore above 0. Similarly, we found 40 PE5 proteins that were identified in the PeptideAtlas 2014-08 data set using the TransProteomic Pipeline with a 1% protein FDR filter, 9 where six entries have an I-TASSER C-score > 0. These proteins are marked in the last two columns of Table 1 .
In Figure 8 , we present the I-TASSER 3D structure of three illustrative high C-score examples that have been detected by the mass spectrometry. A stable fold was seen in each of the examples due to the selection of high-confidence folding scores.
Annotation of the Six High-Scoring PE5 Proteins in PeptideAtlas
As shown in Table 1 , six of the 66 targets with an I-TASSER Cscore > 0 are found in the PeptideAtlas 2014-08 data set. These protein entries may be of high priority for further experimental evaluation. Although no homologous templates were used for either structure or function prediction, the top GO-term predictions of these targets are found to match the specific functional regions/residues observed in these proteins. Here, we present a brief summary of the available information on these proteins when the prediction data is manually compared with major proteomics data libraries. The annotations are presented in descending order of C-score in Table 1 .
SEC14L6 (Putative SEC14-like Protein 6) (Line 16). This is a protein-coding transcript found in both Ensembl and Refseq translated to a protein product of 397 aa containing a CRAL-TRIO domain (76−249 aa) and a GOLD domain (252−383 aa). The CRAL-TRIO domain binds small lipophilic molecules; GOLD is a β-strand-rich domain found in several proteins involved in Golgi dynamics as well as intracellular protein trafficking. The top GO molecular function term by COFACTOR for the full-length protein is transporter activity (GO:0005215); for the N-terminal domain (C-score = 0.65), it is Vitamin E binding (GO:0008431). Several studies have linked Vitamin E with proteins with CRAL-TRIO and GOLD domains. 40, 41 HPA detected impressive expression in lung and kidney at the RNA level but not at the protein level. This protein has seven peptides in PeptideAtlas, but none is proteotypic, so the protein appears to be subsumed under SEC14L4 (Q9UDX3) (PE1), known as tocopherol (vitamin E)-associated protein 3, or possibly SEC14L6. Table 1 , retrieved on 2014/9/5).
PRSS46 (Putative Serine Protease 46) (Line 26). A protein-coding transcript found in both Ensembl and Refseq translates to a protein product of 174 aa containing a peptidase S1 domain (43−174 aa). Serine-type endopeptidase activity (GO:0004252) was the top molecular function predicted by COFACTOR. This protein is found in PeptideAtlas, but there were no proteotypic peptides. HPA reports RNA expression of this gene in testis and skeletal muscle. Three peptides are shared by PRSS46 and many other proteins found in PeptideAtlas. The high C-score may reflect normal folding of an N-terminal domain; note in Table 1 would contain four ATP binding sites (33, 52, 78 , and 204 aa). COFACTOR predicts ATP binding (GO:0005524) as the top molecular function. Eight proteotypic peptides matching only to HSP90AA4P are reported in PeptideAtlas, with striking sequence differences from related HSP90 proteins.
HSP90AB4P (Putative Heat Shock Protein HSP 90-alpha B4) (Line 51). Annotated as a processed pseudogene in neXtProt, the translated protein sequence would contain three ATP binding sites (22, 83, and 109 aa). COFACTOR predicted ATP binding (GO:0005524) and chaperone activity (GO:0051082) as the top molecular functions. Ten proteotypic peptides matching only to HSP90AB4P, of a total of 155 peptides, are reported in PeptideAtlas; however, it has high homology to four other HSP proteins, with many apparent single amino acid substitutions.
Overall, these brief annotations illustrate how the I-TASSER/ COFACTOR results can be utilized to select protein candidates for further evaluation by proteomic databases, including reconciliation of different conclusions by the different databases, and then critical experiments. It suggests that certain PE5 entries may be priority candidates for reclassification. From time to time, PE5 entries may be promoted to higher categories, especially PE1, or may be sent to the UniProtArchive UniParc. In a private communication, we were informed by the neXtProt director, Lydie Lane, that 10 of the 616 PE5 genes have been recently nominated to UniProt/SwissProt for reassessment of the PE level assignments in light of additional data, of which two are in our top 66. When the SwissProt and neXtProt reassessment is completed and the results made public for those 10 entries, it will be of interest to examine how I-TASSER and COFACTOR characterized each of them.
Pseudogenes in PE5 Proteins
Pseudogenes are facsimiles of protein-coding genes but have lost the ability to produce functional proteins. 42, 43 Pseudogenes are nearly as numerous as coding genes in the human genome, with an estimated range from 10 000 to 20 000. 44 Most pseudogenes are the consequence of gene duplication and reverse transcription events; there are also unitary pseudogenes (<100) that arose from direct mutation from existing coding genes. 45 Despite their high population and multiple resources of origin, a common feature of pseudogenes is their lack of ability to code functional proteins due to the failure of transcription and/or translation. Since there is no evolutionary negative selective pressure from coding function, mutations of pseudogenes are essentially random, which can drive the sequences of pseudogenes far from those of the original protein-coding genes, although many pseudogenes may still remain homologous with a high sequence identity to the original coding genes, depending on the distance of evolution.
According to the HGNC annotation, there are 252 pseudogenes among the 616 PE5 proteins, including 51 of our top 66 in Table 1 and four of the six selected for annotation. To obtain a rough examination of the evolutionary distance, we performed a PSI-BLAST search 46 of the PE5 sequences against all PE1−4 proteins in the human genome that are supposed to be protein-coding genes, and we calculated sequence identity with the NW-align program. 47 We found that 135 of the 252 pseudogenes (or 23 in the list of 66 and three in the list of six) have a sequence identity above 80% with PE1−4 coding genes. It might be difficult for current methods to discriminate these pseudogenes because their sequence identity to coding genes is high and their functional features (including the binding pockets and catalysis sites) may still be well-conserved.
However, for more distantly related putative pseudogenes, the foldability and especially the subtle functional characteristic of the coding genes are likely to be spoiled by the accumulation of random mutations. The high confidence models from the combined I-TASSER and COFACTOR simulations might help to examine their coding potential. Here, the sequence identity cutoff of 80% is somewhat arbitrary for defining closely related pseudogenes. If we reduce the cutoff to 70% (or 50%), then the number of the closely related pseudogenes will increase to 31 (or 40) in the list of 66 and four in the list of six. We conclude that attention should be concentrated on nonpseudogenes and putative pseudogenes with a distant relation to the original coding genes. The sequence identity data relative to the original coding gene is listed in column 10 of Table 1 for all of the putative pseudogenes.
Web Interface of the HPSF Database
We established a new webpage to deposit and make available the structure folding and function annotation results of the PE5 proteins: http://zhanglab.ccmb.med.umich.edu/HPSF/. Users can browse or search specific proteins by clicking the Browse&Search link. The protein entries can be searched by inputting the gene name, neXtProt ID, or HGNC symbol, where both partial and full values are accepted. To facilitate the search by users who are not familiar with the query ID and protein names, the input box can automatically provide up to 20 suggestions if any record matches the inputted text.
For each protein entry, HPSF provides structure-folding information, including secondary structure assignment, solvent accessibility, and the I-TASSER structure models that are associated with the confidence assessment from the C-score and residue-level error estimations. The output page also provides structure-based functional annotations, including gene ontology, enzyme commission, ligand-binding site, subcellular localization, and the associated COFACTOR confidence measure, the F-score.
To facilitate comparative analyses, up to 10 homologous hits with PE1 level proteins are listed that have a PSI-BLAST E-value below 0.001 for the PE5 protein. Meanwhile, links are provided to other important databases, including neXtProt, HGNC, and ENSEMBL, for each PE5 protein entry.
■ CONCLUSIONS
We have performed a systematic examination of the 616 PE5 proteins that were dubious or uncertain based on experiments curated in neXtProt 2014-09-19 using the cutting-edge structural bioinformatics tools, I-TASSER and COFACTOR, for protein folding and structure-based functional annotations. The I-TASSER simulations show that PE5 proteins, overall, have a significantly lower folding rate than that of PE1 proteins that have been detected confidently in proteome experiments. Nevertheless, there are 66 proteins from the PE5 data set where at least one domain can be folded by I-TASSER with high confidence without using any homologous templates; 32 proteins/domains are further shown to have a high possibility of being functional by structure-based COFACTOR functional annotation. Of the 66 highest scoring PE5 protein candidates, six PE5 entries appear in PeptideAtlas 2014-08 and nine PE5 entries (three in common with PeptideAtlas) were reported by Kim et al. Among the six PE5 entries in PeptideAtlas, only HSP90AA4P and HSP90AB4P have proteotypic peptides (with 8 and 10 proteotypic peptides, respectively), which are probably more likely to be functional. These proteins may represent the most likely set of PE5 proteins predicted to be functional, and we recommend them for further experimental investigation. In fact, some of the proteins in the list have already been updated to a higher level after this work was completed (e.g., USP17L1P in line 54 of Table 1 is now in PE3 in the UniProtKB and neXtProt databases). Nevertheless, since closely related pseudogenes have a high possibility of maintaining their folding and functional characteristics on their own due to having close sequence identity with that of their original coding genes, more attention should probably be paid to the nonpseudogene and the distantly related pseudogene entries. In the 66 high-scoring genes (or the six PE5 genes in PeptideAtlas), there are 43 (or three) that belong to this category of non-or distantly related pseudogene entries under a sequence identity cutoff of 80% relative to the PE1−4 protein partners (Table 1) .
By matching the structural models with the SCOPe domain family database, 318 PE5 proteins have been assigned to 152 domain families with high structural similarity. Compared with normal (PE1) protein-coding genes, PE5 proteins are found to be over-represented in the membrane and cell surface and peptides and coiled coil fold families. Detailed structure-based functional analyses show that most of these over-represented PE5 proteins belong to transporter and receptor and, if expressed, would be localized in the plasma membrane compartment. These data suggest that, besides unfavorable genomic features, the nondetection of such PE5 proteins may be attributed to the experimental difficulty in identifying membrane-bound proteins and peptides. The use of enrichment techniques with improved solubilization and higher sensitivity for membrane-embedded proteins may be necessary for characterization of this "dark matter" in the human proteome. The annotations provided here for the six selected protein candidates give good illustrations of the complexity of declaring pseudogenes and the variety of data available.
Finally, we note that, while this study is focused on the PE5 genes that have the lowest level of confidence to code proteins, the approach can, in principle, be applied to examine the much larger set of missing proteins in PE2−4. Such analyses are underway.
